Abstract The tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is a devastating pest of tomato originating from South America. After its initial detection in eastern Spain in 2006, it rapidly invaded various other European countries and spread throughout the Mediterranean basin. If no control measures are taken, then the pest can cause up to 80-100% yield losses in tomato crops in recently invaded areas and may pose a threat to both greenhouse and open-field tomato production. The exceptional speed and extent of T. absoluta invasion have called for studies documenting its biology and ecology, while indicating an urgent need for efficient and sustainable management methods. The development of approaches to manage T. absoluta would be facilitated through a detailed revision of information on this pest in its area of origin. This review combines information on the invasion by T. absoluta, its ecology, and potential management strategies, including data that may help the implementation of efficient biological control programs. These programs, together with a variety of other management tactics, may allow efficient integrated pest management of T. absoluta in Europe and Mediterranean Basin countries.
Introduction
Invasive species represent a major threat to both natural (Clavero and García-Berthou 2005; Samways 2007 ) and agronomic (Olson 2006; Haack et al. 2010; Suckling and Brockerhoff 2010; Ragsdale et al. 2011) ecosystems.
Agricultural pests can reduce yield, increase costs (related to their management), and lead to the use of pesticides which ultimately lead to the disruption of existing Integrated Pest Management (IPM) systems (Thomas 1999) . The tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is one of the most devastating pests of tomato in South America (Barrientos et al. 1998; Miranda et al. 1998 ). This pest was initially reported in eastern Spain in late 2006 (Urbaneja et al. 2007) , and has subsequently spread throughout the Mediterranean Basin and Europe (Potting 2009 ). Since the time of its initial detection, the pest has caused serious damages to tomato in invaded areas (Germain et al. 2009 ), and it is currently considered a key agricultural threat to European and North African tomato production. Consequently, the ongoing invasion of T. absoluta has prompted applied research to undertake studies on many aspects of its biology and ecology. As T. absoluta has been a long-time pest of openfield and greenhouse tomato in South America (Vargas 1970; Fernández and Montagne 1990; Colomo et al. 2002) , current European efforts could largely benefit from the knowledge that has been gathered on its biology, ecology and management in this part of the world.
In this article, first we provide basic information regarding T. absoluta biology in the Mediterranean countries and South America. Second, we review the history of invasion in Europe and Mediterranean Basin countries and assess the potential future spread of the pest throughout Europe. Third, we document T. absoluta's natural enemies in tomato crops in South America and their potential use for biological control within IPM schemes. Finally, we discuss costs and benefits for importing biological control agents of T. absoluta in the invaded areas.
Tuta absoluta biology

Description
Tuta absoluta (Lepidoptera: Gelechiidae) was originally described in 1917 by Meyrick as Phthorimaea absoluta, based on individuals collected from Huancayo (Peru). Later, the pest was reported as Gnorimoschema absoluta (Clarke 1962) , Scrobipalpula absoluta (Povolny), or Scrobipalpuloides absoluta (Povolny), but was finally described under the genus Tuta as T. absoluta by Povolny in 1994 (Barrientos et al. 1998) . Its life-cycle comprises four development stages: egg, larva, pupa and adult. Adults usually lay eggs on the underside of leaves or stems, and to a lesser extent on fruits. After hatching, young larvae penetrate leaves, aerial fruits (like tomato) or stems, on which they feed and develop. There are four larval stages. Fully-fed larvae usually drop to the ground on a silk thread and pupate in the soil, although pupation may also occur on leaves. Pupae (length: 5-6 mm) are cylindrical in shape and greenish when just formed becoming darker in colour as they are near adult emergence. Adults are 6-7 mm in length and present filiform antennae and silver to grey scales (Coelho and França 1987) . Black spots are present on anterior wings, and the females are wider and more voluminous than the males.
The pest mainly presents nocturnal habits, and adults usually remain hidden during the day, showing greater morning-crepuscular activity with adults dispersing among crops by flying. Among a range of species within the Solanaceae, tomatoes (Lycopersicon esculentum Miller) appear to be the primary host of T. absoluta.
Biology on tomato
Tuta absoluta is multivoltine, and population parameters suggest that it is an r-selected species (Pereyra and Sánchez 2006) . The duration of the developmental cycle greatly depends on environmental conditions, with average development time of 76.3 days at 14°C, 39.8 days at 19.7°C and 23.8 days at 27.1°C (Barrientos et al. 1998) . This research formed the basis for determination of temperature thresholds and thermal constants of T. absoluta. Temperature thresholds for egg, larva and pupa were estimated at 6.9 ± 0.5, 7.6 ± 0.1 and 9.2 ± 1.0°C, respectively; overall, the threshold for egg-larva-adult is 8.1 ± 0.2°C. Accordingly, thermal constants were 103.8 ± 1.4, 238.5 ± 0.5 and 117.3 ± 5.3 DD for egg, larva and pupa, respectively, whereas the total thermal constant from egg to adult was estimated at 453.6 ± 3.9 DD. Larvae appear to refrain from entering diapause as long as food is available, and there can be 10-12 generations per year in South America. Vercher et al. (2010) were able to maintain T. absoluta larvae alive during several weeks at 4°C. When T. absoluta does not pupate in the soil, a cocoon is usually built. Under Mediterranean conditions, adults of T. absoluta can be detected all around the year (Vercher et al. 2010) . Adult lifespan ranges between 10 and 15 days for females and 6-7 days for males (Estay 2000) . Females mate only once a day and are able to mate up to six times during their lifespan, with a single mating bout lasting 4-5 h. The most prolific oviposition period is 7 days after first mating, and females lay 76% of their eggs at that time, with a maximum lifetime fecundity of 260 eggs per female (Uchôa-Fernandes et al. 1995) .
L.), sweet pepper (S. muricatum L.) and tobacco, Nicotiana tabacum L. (Vargas 1970; Campos 1976) , as well as on non-cultivated Solanaceae (S. nigrum L., S. eleagnifolium L., S. bonariense L., S. sisymbriifolium Lam., S. saponaceum, Lycopersicum puberulum Ph. etc.) and other naturally available host-plants such as Datura ferox L., D. stramonium L. and N. glauca Graham (Garcia and Espul 1982; Larraín 1986a ). On potato, T. absoluta only attacks aerial parts, thereby not directly impeding tuber development. Nevertheless, leaf feeding may indirectly lower potato yield and, under appropriate climatic conditions, T. absoluta could become a pest for the potato crop (Pereyra and Sánchez 2006) . Since the time of its arrival in Europe, additional plant species have been reported as alternative hosts. It has been reported in a Sicilian greenhouse of Cape gooseberry (Physalis peruviana) (Tropea Garzia 2009) and has been found in Italy on bean, Phaseolus vulgaris (EPPO 2009) and on Lycium sp. and Malva sp. (Caponero 2009 ). This indicates that T. absoluta shows a high propensity to use various plants as secondary hosts, notably species within the Solanaceae.
Economic importance and current management
Economic importance in tomato
In most countries of South America (Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Paraguay, Peru, Uruguay and Venezuela) T. absoluta is considered a devastating pest of tomato (Barrientos et al. 1998; Estay 2000) . Plants can be attacked at any developmental stage, with females ovipositing preferentially on leaves (73%), and to lesser extent on leaf veins and stem margins (21%), sepals (5%) or green fruits (1%) (Estay 2000) . Oviposition was found possible on unripe tomatoes only (Monserrat 2009 ). After hatching, young larvae penetrate the leaves, stems or tomato fruits on which they feed and develop, creating conspicuous mines and galleries. In tomato leaves, damages are caused through mine-formation within the mesophyll by feeding larvae, thus affecting the plant's photosynthetic capacity and consequently lowering tomato yield. Galleries in stems alter the general development of the plant and could cause necrosis. Fruits can be attacked as soon as they are formed, and the galleries bored inside them can be invaded by secondary pathogens leading to fruit rot. Finally, an important additional problem is that the pest directly feeds on the growing tip, thereby halting plant development. The pest affects tomatoes destined to fresh market as well as to processing, with larvae causing losses in its area of origin of up to 80-100% (Apablaza 1992; López 1991) . Furthermore, feeding activity on fruits directly affects the visual aspect of harvested products.
Current management methods in South America
The primary T. absoluta management tactic in most South American countries is chemical control (Lietti et al. 2005) . Organophosphates were initially used for T. absoluta control, which were gradually replaced by pyrethroids during the 1970s. During the early 1980s, cartap, which alternated with pyrethroids and thiocyclam, proved highly efficient in controlling pest outbreaks (Lietti et al. 2005) . During the 1990s, novel insecticides were introduced, such as abamectin, acylurea IGR, spinosad, tebufonozide and chlorfenapyr. Recently in Brazil, 10 new molecules of pyrethroids proved to be effective in controlling T. absoluta, with different toxical effects, and in some cases, up to 100% larval mortality was recorded (Silvério et al. 2009 ). Also, some vegetal products were assessed for potential use in the leafminer control, including extracts of Trichilia pallens (da Cunha et al. 2006) , species belonging to the same family of neem tree, whose extracts are largely used for insect pest control. However, the use of insecticide, drawing upon a limited set of products, has proven not to be a sustainable management option for this pest in South America. Since the 1980s, efficacy of organophosphates for T. absoluta control has gradually decreased in countries like Bolivia, Brazil and Chile (Salazar and Araya 1997; Siqueira et al. 2000 Siqueira et al. , 2001 . In addition, resistance development has been reported against organophosphates and pyrethroids in Chile (Salazar and Araya 1997) and against abamectin, cartap, methamidophos and permethrin in Brazil (Siqueira et al. 2000 (Siqueira et al. , 2001 . Resistance to deltamethrin and abamectin has recently been demonstrated for open field and greenhouse populations of T. absoluta in Argentina (Lietti et al. 2005) .
The decision scheme of using insecticides for management of T. absoluta is largely based on adult captures in sexual pheromone traps (Benvenga et al. 2007) , as adult catches are correlated with larval damages and yield losses (Faccioli 1993; Benvenga et al. 2007 ). In Brazil, Benvenga et al. (2007) reported an action level of 45 ± 19.50 T. absoluta catched daily using pheromone traps, while in Chile extension specialists report an economic threshold of 100 males per pheromone trap per day. Action threshold could also be based on occurrence of the pest in the tomato crop with 2 females/plant or 26 larvae per plant (Bajonero et al. 2008) or 8% defoliation (BayerCropScience, Colombia) recommended in Colombia. Mass trapping may also effectively remove sufficient males to lower overall T. absoluta population levels and reduce pest pressure (Witzgall et al. 2008 (Witzgall et al. , 2010 . However, mass trapping would likely be most effective when used in conjunction with recommended insecticides. Other pest control approaches have been studied and documented, notably the potential use of biological control agents (predators, parasitoids and entomopathogens which are described in ''Biological control of T. absoluta in South America'' section), resistant plants (de Resende et al. 2006; Pereira et al. 2008; Campos et al. 2009; Oliveira et al. 2009; Maluf et al. 2010 ) and botanical insecticides (Moreira et al. 2004; da Cunha et al. 2005 da Cunha et al. , 2006 GoncalvesGervasio and Vendramim 2007; da Cunha et al. 2008) . However, despite increasing interest in such control approach options (notably because smaller populations of T. absoluta are usually observed in organic vs. conventional systems, Medeiros 2007; Medeiros et al. 2009b ) they are only scarcely used.
Assessing the invasion of Europe and Mediterranean Basin countries by T. absoluta
The process of biological invasion can be divided into a series of phases: arrival, establishment and spread (Mack et al. 2002) . Such an iterative process is employed to quantify the likelihood and impact of invasion by an exotic pest species in a new geographic region, and could constitute a suitable framework for assessing the invasion of T. absoluta in Europe and Mediterranean Basin countries.
Arrival
Geographic range before invasion of Mediterranean Basin countries Tuta absoluta is thought to be native from South America, and it was originally described in Peru (Luna MG, personal com.) . Since the early 1980s, it is recorded as a pest in Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Paraguay, Peru, Uruguay and Venezuela (Barrientos et al. 1998; Estay 2000) . The species is usually found under open-field conditions up till 1000 m above sea level, but it has been observed in greenhouse and open-field tomato crops in Colombia at 2600 and 1900 m, respectively (Wyckhuys KAG, personal obs.); the holotype was collected in Peru at 3500 m (Povolny 1975) . Tuta absoluta is thought to have benefited greatly from agricultural trade within the continent for its further spread (Cáceres 1992) . For example, agricultural trade between Chile and Argentina introduced T. absoluta to the Mendoza province (Argentina) in 1964 (Bahamondes and Mallea 1969) . Before its arrival in Europe, T. absoluta was exclusively reported from South America and Easter Island (Ripa et al. 1995) , although there is an unconfirmed record of this pest attacking Solanum lyratum in Japan (Clarke 1962) . Given that no recent records are available in Japan, it may either not have established or this record is from a misidentification. (Potting 2009 ) and the Russian Phytosanitary Service reported the presence of T. absoluta in the Kaliningrad region in tomato shipments from Spain. All the above clearly indicate that T. absoluta can be introduced into new countries of Europe and Mediterranean Basin countries by means of tomato fruits from infested areas. However, in short/medium distances, natural spread seems to be the major risk. The spread of the pest in Spain is mainly happening by natural means (Spanish Expert Group in Plant Protection of Horticultural Crops, personal communication). Wind currents seem to be especially favourable for its dispersal (though the flight ability of T. absoluta remains as an uncertainty, which should be studied further). The US Department of Agriculture's (USDA) Animal and Plant Health Inspection Service (APHIS) is constantly updating the list of countries whose imported products are regulated for T. absoluta. Federal Orders were issued in February and May 2009 (Bech 2009 ) that place severe restrictions on tomato fruits from infested countries (Albania, Algeria, France, Greece, Italy, Morocco, Netherlands, Portugal, Spain, Switzerland and Tunisia). USDA-APHIS also prohibits the entry of Solanum sp., Datura spp. and Nicotiana spp., as potential host plants of T. absoluta from all of the above mentioned countries, pending the completion of a Pest Risk Analysis and implementation of appropriate mitigation measures. Spain is currently authorized to export green, pink and red tomatoes to the USA provided that a system approach to mitigate the risk associated with T. absoluta is applied. This requirement is in accordance with the temporary emergency measures for the control of T. absoluta established by the Spanish Plant Protection Committee and which have been adopted by all the Spanish Autonomous Regions (Table 1) .
Interceptions and measures against expansion
Establishment and spread
Invasion and geographic range in the new area
In 2007, T. absoluta was detected in several greenhouses of the Spanish Mediterranean Basin, causing serious damages to tomato. In the subsequent growing season, the pest was reported from tomato in all the main coastal areas of Spain, and T. absoluta populations reached damaging levels at multiple locations in the Mediterranean coast. In 2008 and 2009, T. absoluta was reported in tomato crops from Italy, southern France, Greece, Portugal, Morocco, Algeria and Tunisia (Potting 2009 ). In 2008, T. absoluta was reported from five principal tomato-growing regions (i.e., Liguria, Sicilia, Sardegna, Calabria, Campania), while in 2009 T. absoluta further invaded central and northeast Italy. This pest was occasionally found in mixed populations with another invasive Gelechiid moth: Keiferia lycopersicella (Walshingham) (Sannino and Espinosa 2009 ). In France, T. absoluta was originally found during late 2008 on Corsica island and in various areas of the French Riviera, and further expanded its geographic distribution in 2009 to north (Rhône-Alpes) and southwest (Languedoc-Roussillon) (Germain et al. 2009 ) and recently to two regions of the Atlantic coast (Decoin 2010) . In Greece, in 2009, the species was present in the mainland (Prevesa, Axaia, Trifilia) and Crete (Roditakis et al. 2010) . The pest was initially reported from several locations of Portugal in 2009. In addition, T. absoluta has been reported in some European countries with colder climate (Switzerland, UK and the Netherlands); such phenomenon, though, is considered to be confined to the protected tomato cultivation (Potting 2009 ). Finally, the presence of this pest has been reported in southern Germany and Cyprus (EPPO 2010), in tomato greenhouses in Romania, in both greenhouse and openfield tomato crops in Bulgaria (EC Report 2009), in Turkey (Kılıç 2010) , in Lithuania and in Middle East (Bahrain, Kuwait) ( Fig. 1) . 
Climatic similarity
Climatic comparison is a useful tool for evaluating where the introduced species might become established within a new geographic region (Mack et al. 2002) . The Mediterranean Basin area presents similar climatic conditions to areas where T. absoluta occurs in South America, particularly the southern part of Brazil, Uruguay, most of Argentinean territories and part of Chile. In particular, low temperatures constitute limiting factors for T. absoluta survival (Notz 1992) . The establishment of the species at higher latitudes, however, is considered unlikely in Europe (Potting 2009 ). Based on the calculation of ecoclimatic indexes, a map of suitability of the Mediterranean basin climates for the establishment of T. absoluta in field conditions has been drawn (Fig. 2) . The actual distribution of the pest (Fig. 1) indicates that the estimate based on climatic indexes might be too conservative and the geographical range of the species in Europe could be larger than expected. However, it must be highlighted that neither protected cultivation nor transient populations are considered in the Climex model. Therefore, in Northern Europe the pest may not survive in the field throughout the year, but it may occur during suitable periods, i.e. the summer months. Also, it may be able to establish permanent populations inside greenhouses if hosts are available throughout the year.
Potential for future spread
Tomato is thought to be the most suitable host plant for T. absoluta and has a better nutritional quality than potato (Pereyra and Sánchez 2006) , and tomato cultivation could be a determining factor for T. absoluta establishment in Europe and Mediterranean Basin countries. Nine Mediterranean countries (i.e. Turkey, Egypt, Italy, Spain, Greece, Morocco, Portugal, Tunisia, Algeria) are considered key tomato producers (data 2008, United Nations, Food and Agriculture Organization data), thereby providing a potential huge food resource for T. absoluta in the region. Moreover, the presence of greenhouse crops can significantly extend seasonal availability of a preferred host in regions with temperate climates (like in northern Europe). Current establishment patterns of T. absoluta highlight the importance of tomato. In addition to potatoes which are known hosts for T. absoluta (Campos 1976 ; Sutherst et al. 2007 ). Biological parameters of T. absoluta used in the model are from Marcano (1995) , Betancourt et al. (1996) and Barrientos et al. (1998) . Cisneros and Mujica 1998), particular attention should be given to leguminous plants as alternative hosts for this pest as these plants have a relatively long cropping season compared to Solanaceae. If T. absoluta continues to expand its host range to this plant family, then its spread through Europe may not only be restricted to tomato-producing regions. Current literature lacks studies providing data on T. absoluta population growth on alternative hosts (notably on weeds found throughout Europe). As indicated above, intra-European trading of tomato appears to be the current primary means of geographic long range spread of this pest. Nevertheless, as certain lepidopteran species have considerable active dispersal capacity (Chen et al. 1989; Fitt 1989; Feng et al. 2005) , this species likely also colonize new areas through (active) flight or (passive) reliance on wind currents.
Potential for effective biological control of T. absoluta in the Mediterranean basin
Since its arrival in the Mediterranean Basin, a set of endemic natural enemies have been reported on T. absoluta, and their suitability for T. absoluta biological control is currently being evaluated. A number of parasitoids have been found to be in association with T. absoluta at several locations in the Mediterranean basin (Table 2 ). The parasitoids Necremnus artynes (Walker) and Hemiptarsenus zilahisebessi Erdös (Hymenoptera: Eulophidae) have occurred spontaneously in infested tomato plots in Spain (Mollá et al. 2008; Gabarra and Arnó 2010) . In the case of N. artynes, its field abundance has considerably increased from 2008 to 2009. This is an idiobiont ectoparasitoid, and it seems parasitizing preferentially third instar larvae of T. absoluta. Recent reports of various undetermined species (mainly Braconidae) attacking T. absoluta along the Mediterranean Coast (Mollá et al. 2008; Arnó et al. 2009 ) may indicate that local parasitoids are gradually adapting to this newly arrived pest. It can equally be expected that the native egg parasitoid Trichogramma achaeae Nagaraja & Nagarkatti (Hymenoptera: Trichogrammatidae) steadily develops a search profile or parasitism preference for T. absoluta (Cabello et al. 2009b) . Pilot experiments showed T. achaeae to be highly efficient in lowering T. absoluta infestation levels in experimental and commercial tomato greenhouses in southern Spain (Cabello et al. 2009b ). More specifically, release of T. achaeae at a rate of 750,000 adults ha -1 every 3 or 4 days significantly reduced the number of T. absoluta larvae, leaf mines and damaged fruits, compared to control plots. This egg parasitoid appears to be particularly promising for T. absoluta when used in combination with mirid predators (Fig. 3) . Based on these findings, T. achaeae has become commercially available for augmentation biological control, with a recommended release dose of 250,000-500,000 adults ha -1 per week, according to the level of the pest infestation. For field use, T. achaeae is mass-reared on Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs, and parasitized eggs are distributed to growers in userfriendly dispensers. The use of T. achaeae is recommended at the onset of the tomato-growing cycle, when T. absoluta predators are not yet well established in tomato fields. Recent data, however, show that T. achaeae mass releases for T. absoluta control may not be economically sustainable, and that parasitoid releases should be combined with other biological control methods.
Within the first year of its arrival in the Mediterranean region, a fair number of arthropod predators were reported from T. absoluta (Table 2) . Predation potential and life history aspects of Macrolophus pygmaeus and Nesidiocoris tenuis (on T. absoluta) has been tested under laboratory conditions (Arnó et al. 2009; Mollá et al. 2009; Urbaneja et al. 2009 ). Both predators actively attack T. absoluta eggs and larval stages, although they prefer first-instar larvae. Adults of both species consumed [100 eggs per individual per day, and M. pygmaeus nymphs consumed less T. absoluta eggs than N. tenuis nymphs (Arnó et al. 2009 ). Mollá et al. (2009) showed that when M. pygmaeus and N. tenuis were well established in the crop, they were able to reduce leaflets infestation up to 75 and 97% or fruits infestation up to 56 and 100%, respectively (Fig. 4) . Arnó et al. (2009) based on 281 different field observations (greenhouse and open tomato fields), established that when an average 4.5 mirids were present per plant, the level of fruit damage remained below 4%, terming both mirid species as effective natural enemies of this pest. Since a good mirid establishment is needed to guarantee efficacy on T. absoluta, Calvo et al. (2010) advanced the N. tenuis release at nursery stage. Just after planting a good mirid Fig. 3 Impact of inundative releases of the egg parasitoids Trichogramma achaeae used in combination with the predator Nesidiocoris tenuis on Tuta absoluta population dynamics in experimental tomato greenhouses (Experimental Station Foundation Cajamar, El Ejido, Almeria, Spain). The greenhouse was separated in two sections, and each part was initially infested by T. absoluta (four adults per plant). In the first sections, adults of the predator, N. tenuis, were released (one individual per plant) in combination with release of T. achaeae adults (50 individuals m -2 , two times a week, only the first 10 weeks of crop cycle: 01 March to 31 July 2009). In the second section, only N. tenuis adults were released. After 40 days (a: first pest generation) and 69 days (b: second pest generation) the number of T. absoluta larvae and mines (±SEM) per leaf were significantly lower in section 1 (T. achaeae ? N. tenuis) than in section 2 (N. tenuis alone) for both T. absoluta generation considered (Anova results: first generation larvae: F 47 = 20.70, P \ 0.01; first generation mine: F 47 = 33.28, P \ 0.01; second generation larvae: F 47 = 74.46, P \ 0.01; second generation mine: F 47 = 70.45, P \ 0.01; Cabello T. and Vila E., unpublished data) Fig. 4 a Mean number (±SEM) of mirid (adults ? nymphs) per leaf and b mean number (±SEM) of T. absoluta infested leaflets per plant in an experimental tomato greenhouse located at Moncada, Valencia (Spain). Under these experimental conditions (summer 2008) and when both mirid species, N. tenuis and M. pygmaeus, were installed in the crop, N. tenuis was highly effective controlling T. absoluta with reductions of up 97% of leaflet and of 100% of fruits. Macrolophus pygmaeus was also effective, although its efficacy was lower in comparison to N. tenuis (76 and 56% reductions of leaflet and fruit infestation) (adapted from Mollá et al. 2009) establishment was obtained with this strategy, which resulted highly efficient controlling both, T. absoluta and whiteflies.
Apart from different mirid species, predatory mites, such as Amblyseius swirskii Athias-Henriot and Amblyseius cucumeris (Oudemans) (Acari: Phytoseiidae) are considered promising T. absoluta egg predators, notably on aubergine for which T. absoluta could become a pest (Urbaneja A, unpublished data).
In the Mediterranean Basin, promising results were obtained with Bt-based formulations in laboratory, greenhouse and open staked-tomato field in Valencia (Spain) (González-Cabrera et al. accepted). All commercial formulates tested reduced T. absoluta damage up to 90% when sprayed at 180.8 MIU/l (Millions of International Units per litre), while greenhouse assays show that even weekly Bt sprays at 90.4 MUI/l can control T. absoluta throughout the growing season. Entomopathogenic fungi, such as Beauveria bassiana, may be promising agents for control of T. absoluta in open tomato fields, eventually in combination with Bt sprays (Torres Gregorio et al. 2009 ). However, further experiments are needed to define how to optimally integrate B. bassiana and Bt sprays to control T. absoluta (preventive treatments with Bt showed low persistence, Monserrat 2009 Monserrat , 2010 .
Biological control of T. absoluta in South America
Apart from the seminal research of Polack (2007) , comprehensive revisions of T. absoluta biological control are scarce. Here, we describe key arthropod natural enemies, the respective susceptible T. absoluta developmental stages, as well as the geographical localities where the presence of natural enemies has been documented along with potential pathogens of T. absoluta in South America.
Insect parasitoids
During the past decades, surveys have been conducted of the T. absoluta natural enemy complex in a number of South American countries (Vargas 1970; Oatman and Platner 1989; Uchôa-Fernandes and Campos 1993; Colomo et al. 2002; Marchiori et al. 2004; Colomo and Berta 2006) . A broad variety of parasitoids have been reported attacking egg, larval or pupal stages of T. absoluta (Table 3) . Some species appear restricted to a given locality or country while other species are broadly distributed in South America.
Reports of multiple species of egg parasitoids, belonging to the families Encyrtidae (Ripa et al. 1995; Colomo et al. 2002) , Eupelmidae (Oatman and Platner 1989) or Trichogrammatidae (Botto et al. 2000; Colomo et al. 2002) exist in the literature. The Trichogramma species complex associated with T. absoluta is diverse, with records of minimum 10 species throughout South America (Table 3) . For several Trichogramma species, mass-rearing programs have been set up and parasitoids are readily used in inundative biological control. Biological control of T. absoluta using Trichogramma spp. is documented in Argentina (Botto et al. 2000; Riquelme and Botto 2003), Brazil (Villas Bôas and Franca 1996; Haji 1997 Haji , 2002 Parra and Zucchi 2004) , Colombia (Navarro 1986; Vallejo 1999) and Chile (Estay and Bruna 2002) 1999) , while laboratory cultures of T. pretiosum are maintained in various countries for experimental purposes (e.g. Berti and Marcano 1995) . Promising species such as T. bactrae and T. nerudai are currently under evaluation for T. absoluta control in Argentina (Cáceres 2007) . Using inundative releases of T. exiguum as part of a more comprehensive IPM strategy, parasitism levels reached 9.8-28.6% in open-field tomato in Colombia (Salas 2001) . In Brazil, 87% parasitism of T. absoluta by T. pretiosum is reported from greenhouses (Parra and Zucchi 2004) , and integration with Bacillus thuringiensis applications has proven both as technically viable and economically efficient pest control strategy in local greenhouse tomato (Medeiros et al. 2009a ). On the other hand, trials with periodic releases of T. pretiosum in Chile have proven unsuccessful, with parasitism between 1.5 and 6.7% in open-field and greenhouse tomato Taco et al. 1998 ). Actual success with T. pretiosum in Brazil has been the result of rigorous agent selection Parra 2000, 2001; Pratissoli et al. 2005) . A few of the Trichogramma spp., efficient or promising for the control of T. absoluta, have been moved extensively among South American countries, occasionally as part of classical biological control schemes. For example, T. pretiosum was introduced in Chile and released in different tomato production regions of the country (Ripa et al. 1995; Lavandero et al. 2006) , and was also introduced into Paraguay (Benitez 2000) . As early as 1965, T. minutum was collected in Peru for use against T. absoluta in Chile (Klein Koch 1977) , while in 1973 T. pintoi was shipped to Peru for control of this pest (Whu and Valdivieso 1999) . However, the level of control attained by many of those introductions remained undocumented (e.g., Klein Koch 1977) .
Aside from egg parasitoids, a diverse community of larval parasitoids has been recorded on T. absoluta, including species of Bethylidae, Braconidae, Eulophidae, Ichneumonidae and Tachinidae (Table 3) . Especially Braconidae J Pest Sci (2010) 83:197-215 205 
Trichogramma bactrae X ---A, Cl
Trichogramma dendrolimi X ---Cl
Trichogramma exiguum X ---Co
Trichogramma fasciatum X ---A
Trichogramma lopezandinensis X ---P
Trichogramma minutum X ---Cl, P
Trichogramma nerudai X ---A, Cl
Trichogramma pintoi X ---P Trichogramma pretiosum X ---A, Br, Co, Pa, Cl, Ve
Trichogramma rojasi X ---A
Trichogramma telengai X ---Cl and Eulophidae contain key parasitoids, a few of which have been used in biological control efforts. In Argentina, several species have been reported, with Pseudapanteles dignus (Braconidae) and Dineulophus phthorimaeae (Eulophidae) as the most commonly found in commercial tomato crops (Berta and Colomo 2000) , causing parasitism levels up to 70% (Sánchez et al. 2009 ). Other potentially important species are Neochrysocharis formosa and Clostrocerus formosus (Luna et al. 2005; Luna and Wada 2006) . In Chile, two parasitoids cause considerable mortality in T. absoluta larvae: Retisympiesis phthorimaea (Eulophidae) with parasitism levels up to 40% (Rojas 1981) and Dineulophus phthormiaeae causing 39.5% parasitism (Larraín 1986b) . In Brazil, larval parasitoids appear less important, with larval parasitism levels of 0.1-16.8% by Goniozus nigrifemur (Bethylidae), Bracon sp., Bracon lucileae, Chelonus sp. and Earinus sp. (Braconidae), Diadegma sp. (Ichneumonidae) in tomato crops (Uchôa-Fernandes and Campos 1993; Miranda et al. 1998 Miranda et al. , 2005 Marchiori et al. 2004; Bacci et al. 2008 ). The braconid B. lucileae was earlier reported as parasitoid of T. absoluta in the Neotropics (Marsh 1979) . Finally, in Colombia a broad complex of larval parasitoids has been reported (Oatman and Platner 1989) , of which Apanteles gelechiidivoris (Braconidae) has received particular attention (Vallejo 1999) . Regionally, Tachinidae proved of rather negligible importance, with scattered reports from Colombia and Argentina (Oatman and Platner 1989; Colomo and Berta 2006) . In a few South American countries, rather isolated efforts have been conducted to quantify the potential efficacy of various larval parasitoids for T. absoluta biological control. In Argentina, extensive research has been carried out on D. phthorimaea biology (Luna and Wada 2006) , and P. dignus biology, life history and parasitism behaviour under field conditions (Luna et al. 2007; Sánchez et al. 2009 ). Primarily based on Argentinean findings, Polack (2007) indicates major potential of P. dignus for T. absoluta biological control, hinting that its use may be more efficient and cost-effective than Trichogramma spp. or other larval parasitoids. Control efficacy by P. dignus is currently evaluated in commercial tomato fields (Cáceres 2007) .
Larval parasitoids have been shipped extensively within and among countries in South America, as part of either personal initiatives or orchestrated classical biological control efforts. For example, A. gelechiidivoris from Colombia was introduced in Chile in the mid 1980s (Rojas 1997) . This species was subsequently shipped together with D. phthorimaeae to Easter Island, where it caused substantial drops in T. absoluta infestation levels (Ripa et al. 1995) . In mainland Chile, A. gelechiidivoris initially appeared not to establish successfully, until high levels of parasitism were recorded in both open-field and greenhouse tomato production 10 years after its initial introduction.
This wasp was also released in Hawaii for control of tomato pinworm, Keiferia lycopersicella (Nakao and Funasaki 1979) .
As for pupal parasitoids, the low number of records may signal an urgent need for additional research, as pupae are rarely included in parasitoid sampling. Nevertheless, Polack (2007) report pupal parasitism levels that regularly surpass 30%. No reports exist of parasitoids of T. absoluta adults.
Arthropod predators
In comparison with a fairly advanced understanding of T. absoluta parasitism in various South American countries, limited research has been done on arthropod predators. This lack of research attention is unfortunate as predators could be responsible for up to 79.4% larval mortality and egg predation amounts to 5% (Miranda et al. 1998) . A broad diversity of predators has been found in association with T. absoluta in tomato fields (Table 4 ). In Brazil, Miranda et al. (2005) indicated presence of Araneidae, Anthicus sp. (Coleoptera: Anthicidae), Cycloneda sanguinea (Coleoptera: Coccinellidae), Staphylinidae, Orius sp. and Xylocoris sp. (Hemiptera: Anthocoridae), Formicidae and Phlaeothripidae, and similarly diverse arthropod complexes have been reported in other studies (Bergmann et al. 1984 (Bergmann et al. , 1988 .
Among the reported insect species or groups, Xylocoris sp., C. sanguinea and members of Phlaeothripidae proved to be key predators of both egg and larval T. absoluta stages in Brazil (Miranda et al. 1998) . In Venezuela, another anthocorid, Orius insidiosus is reported to be an important predator of T. absoluta eggs and larvae (Salas 1995) . Vargas (1970) indicates that Nabis sp. (Heteroptera: Nabidae), Polistes sp. (Hymenoptera: Vespidae) and spiders are predators of T. absoluta in Chilean tomato fields. In Brazil, a particular group of Vespidae is reported to contain predators of T. absoluta, with Protonectarina sylveirae inflicting 29.3-37.4% T. absoluta larval mortality (Bacci et al. 2008) . Although more exhaustive survey study remains to be conducted, Probst et al. (1999) hint the importance of pupal predators such as Labidura riparia (Dermaptera: Labiduridae), Solenopsis geminata, Pheidole spp. (Hymenoptera: Formicidae), wolf spiders (Araneae: Lycosidae) and ground beetles. Finally, some insect families reported by Miranda et al. (2005) possibly include predators of T. absulta pupal or adult stages.
Some predator species have received attention as biological control agents for T. absoluta. Oliveira et al. (2007) indicate that the mite Pyemotes sp., feeds on T. absoluta larvae, pupae and adults and hint its potential use in biological control of the pest. The predatory stinkbug Podisus nigrispinus (Heteroptera: Pentatomidae) has received vast scientific attention, with baseline research done on its life J Pest Sci (2010) 83:197-215 207 Countries in which a given predator is reported from T. absoluta are indicated (Br Brazil, Cl Chile, E Ecuador, Ve Venezuela). By no means has the listing been intended to be exhaustive, and its elaboration was based on the available literature sources only history (on T. absoluta) (Vivan et al. 2003) , predatory behaviour (Vivan et al. 2002) and dispersal in greenhouse environments (Torres et al. 2002) . Finally, the green lacewing, Chrysoperla externa, proved to be a good predator of T. absoluta larvae under laboratory conditions (Carneiro and Medeiros 1997) .
Entomopathogens
Despite the reported importance of insect pathogens such as Beauveria bassiana (Giustolin et al. 2001a; Rodriguez et al. 2006) , their effect on T. absoluta is relatively poorly documented with regard to South America. Among the different entomopathogens that act against T. absoluta, B. thuringiensis var. kurstaki (Btk) seems to carry exceptional promise for use in Brazil (Giustolin et al. 2001b) .
Given that Btk causes mortality in all T. absoluta instars, its combined use with moderately resistant tomato varieties may be worthwhile exploring. Two newly isolated strains of Btk from Chile prove more toxic to larvae than currently available commercial strains (Niedmann and Meza-Basso 2006) . In another study, Cry1Ab toxin expressed by Bacillus species that naturally colonize the phylloplane of tomato plants was as toxic as the natural one and transformed bacteria survived for extended periods of time (45 days) on the leaf surface (Theoduloz et al. 2003) .
Comparative efficacy assessment of natural enemies
The current state of knowledge regarding natural biological control of T. absoluta in South America may permit pinpointing certain promising agents. However, it does not allow conclusive selection of one or more 'top candidates' for release in Europe. Critical information is lacking on natural enemy biology and ecology, comparative efficacy measures remain to be developed, while survey study is far from complete in many parts of the continent and primarily skewed towards rather conspicuous larval parasitoids and predators. Little is known regarding relative efficacy of the different agents that occur in various parts of South America. Modest but highly valuable efforts have been done to compare efficacy of some parasitoids, such as P. dignus and D. phtoriminaeae (e.g., Sánchez 2010; Savino et al. 2010) or different strains of T. pretiosum (Pratissoli and Parra 2001) . Nevertheless, to make valid statements regarding relative efficacy of a given agent, research should urgently be conducted to compare performance of natural enemies that naturally occur in distinct parts of the region, such as D. phtoriminaeae in Argentina with A. gelechiidivoris in Colombia, or among the different Trichogramma species and strains that regionally abound. On the other hand, there also is a critical lack of information regarding basic biology and ecology of many natural enemies, which may impede a proper evaluation of their potential for establishment in southern Europe. For example, little research has been done on developmental biology and species' response to selected environmental parameters (e.g., Bajonero et al. 2008) .
Despite the current absence of a proper basis for agent selection, an easy and straightforward way of narrowing down the broad suite of candidate natural enemies is to focus on species that effectively control T. absoluta in regions of South America with similar climatic conditions to southern Europe. Employing this selection criterion, one could consider directing research attention to the following set of natural enemies: A. gelechiidivoris, D. phtorimaeae, P. dignus, T. pretiosum and P. nigrispinnus. However, as indicated above, additional applied research should be developed to fully understand the potential of predators, pupal parasitoids and entomopathogens, amongst others.
Potential for classical biological control of T. absoluta
Importation biological control is considered because it could constitute a long-term sustainable management strategy for T. absoluta. However, introducing exotic natural enemies carries unknown level of environmental risk (Wajnberg et al. 2001 , van Lenteren et al. 2006 ) and benefits of such practice must be weighed against its environmental, economic or health risks. We outline below the benefits and eventual risks of importation biological control against T. absoluta.
Benefits and potential costs
The benefits of releasing exotic parasitoids against T. absoluta in the Mediteranean are basically twofold. First, it can lead to a reduction of T. absoluta population densities below economic thresholds (Parra and Zucchi 2004; Pratissoli et al. 2005) . Second, it can lead to reductions in the use of insecticides, which aside from constituting an important cost component also impact human health and the broader farming environment, including non-target organisms (Weisenburger 1993; Desneux et al. 2007 ). Also, effective biological control of T. absoluta on tomato can indirectly lead to reduction of damage on alternative host crops.
Effective suppression of T. absoluta populations could also reduce its potential negative impacts, through direct resource competition, or indirectly through apparent competition, on native lepidopteran species (Tilman 1982) . Indeed, native Lepidopterous species are likely to occur in natural or agricultural habitats colonized by T. absoluta and thus experience direct resource competition with this pest.
As for apparent competition, high abundance of T. absoluta could lead to increasing population levels of generalist natural enemies, thus putting other insects at risk (Holt and Lawton 1994; van Veen et al. 2006) .
The potential costs of releasing biological control agents include attack of non-target hosts in natural systems and unintended negative indirect effects (Louda et al. 2003; van Lenteren et al. 2006) . Among non-target organisms that would be at risk by releases of exotic parasitoids against T. absoluta, particular attention should be paid to endangered and native European Lepidopterous species (Wagner and Van Driesche 2010) . Among threatened species, Lepidopterous species from a few number of genus (Cucullia sp., Hyles sp., Maculinea sp., Melanargia sp. Papilio sp. Parnassius sp. and Polyommatus sp.) may be potential hosts for T. absoluta parasitoids (including Braconids, Chalcids and Ichneumonids). The introduction of T. absoluta natural enemies may also favour hyperparasitism and lead to a suppression of populations of primary parasitoids via apparent competition (Holt and Lawton 1994; van Veen et al. 2006; Holt and Hochberg 2001) . The likelihood of such phenomenon should be minimized by selecting primary parasitoids that present comparatively low susceptibility to hyperparasitoids. Apart from comprehensive host specificity screening and pre-release studies, it is critical to take into account interaction strength between potential biocontrol agents and their hosts as a selection criterion for importation biological control. Natural enemies that fail to effectively reduce densities of the target pest can facilitate bottom-up effects (because of links between the pest and other native organisms through food webs) and could increase the negative impacts of the invasive pest. These indirect effects are potentially more deleterious to native species than direct nontarget effects (Pearson and Callaway 2003) .
The decision of importing exotic biological control agents against T. absoluta relies mainly on two points (i) the severity of the pest problem in invaded areas, and (ii) how likely the exotic natural enemies will successfully limit T. absoluta populations. Given the potential costs raised linked to an importation biological control program against T. absoluta, natural enemies have to be chosen carefully to minimize also the risks of unintended side effects. The optimal goal would be importing a highly specific natural enemy and presenting low susceptibility to hyperparasitoids. We need also to stress the need to rigorously assess risks on non-target European lepidopterans. However, it should be pointed out that the degree of damage caused by invading pests to crops or natural ecosystems can often outweigh risks associated with the importation of effective natural enemies previously selected using risk assessment methods (Simberloff and Stiling 1996; Pimentel 2000) .
Current management options in Europe and future outlook
Tuta absoluta has become a severe pest of tomato throughout southern Europe and North Africa, and currently shows considerable potential to expand both host (plant) range and geographic distribution. Appearance of T. absoluta has spurred extensive insecticide use by local tomato growers, potentially causing a multitude of undesired side-effects (Weisenburger 1993; Desneux et al. 2007 ). In addition, future intensive pesticide use may trigger resistance development in T. absoluta. The ongoing spread of T. absoluta throughout Europe, its pest status throughout southern Europe's key tomato production and the lack of totally satisfactory effective management options all signal an urgent need for economically-sound, environmentally-friendly and effective IPM strategies (Monserrat 2009 (Monserrat , 2010 .
Pest management packages could include cultural, biotechnological, biological and chemical control and thus it may be possible integrating currently available control strategies for T. absoluta to limit its impact in the invaded areas. Firstly, cultural practices such as optimized greenhouse structure, usage of double-door, avoidance of alternative host plants, and removal of infested organs could be of particular value in greenhouses. Then, rigorous sampling protocols need to be adopted that combine pheromone trapping to monitor adult abundance with direct observation to record direct plant damage. Next, different control strategies could be adopted. Once T. absoluta appears in pheromone traps, preventive treatments as Bt should be initiated and could eventually be integrated with the release or conservation of predatory mirids. In this strategy, releases of the egg parasitoid T. achaeae could also be done (Cabello et al. 2009b) . Finally, curative treatments with approved insecticides should be applied when dealing with T. absoluta outbreak levels.
Within such IPM packages, biological control could be considered as a very promising management tool, with both endemic natural enemies as exotic agents showing certain promise to help keep this invasive pest at bay. In order to fully evaluate the potential of biological control, baseline research needs to be conducted on several fronts. More specifically, advances need to be made in the following areas: (1) detailed survey and works need to be conducted on the nature of the endemic natural enemy complex associated with T. absoluta in different European tomato production regions, (2) assess the potential of native natural enemies to control the pest, (3) define economical thresholds and intervention levels for T. absoluta that account for biological control and (4) carefully balance costs and benefits of classical biological control. In addition, more research is required on the potential for T. absoluta to develop on native plants in the invaded areas, and results will have to be taken into account for developing a sound pest control strategy.
The challenge of these efforts requires coordinated efforts of European and North African research scientists, management specialists and growers, while banking on long-term experience in South America with T. absoluta management in general, and biological control in particular, to ensure a sustainable management of the pest in its new invaded region.
